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During budding of vesicular stomatitis virus (VSV), the viral matrix (M) protein binds the viral nucleocapsid to the host
plasma membrane and condenses the nucleocapsid into the tightly coiled nucleocapsid–M protein (NCM) complex observed
in virions. In infected cells, the viral M protein exists mostly as a soluble molecule in the cytoplasm, and a small amount is
bound to the plasma membrane. Despite the high concentrations of M protein and intracellular nucleocapsids in the
cytoplasm, they are not associated with each other except at the sites of budding. The experiments presented here address
the question of why M protein and nucleocapsids associate with each other only at the plasma membrane but not in the
cytoplasm of infected cells. An assay for exchange of soluble M protein into NCM complexes in vitro was used to show that
both cytosolic and membrane-derived M proteins bound to virion NCM complexes with affinities similar to that observed for
virion M protein, indicating that both cytosolic and membrane-derived M proteins are competent for virus assembly. However,
neither cytosolic nor membrane-derived M protein bound to intracellular nucleocapsids with the same high affinity observed
for virion NCM complexes. Cytosolic M protein was able to bind intracellular nucleocapsids, but with an affinity approximately
eightfold less than that observed in virion NCM complexes. Membrane-derived M protein exhibited little or no binding activity
for intracellular nucleocapsids. These data indicate that intracellular nucleocapsids, and not intracellular M proteins, need
to undergo an assembly-initiating event in order to assemble into an NCM complex. Since neither membrane-derived nor
cytosolic M protein could initiate high-affinity binding to intracellular nucleocapsids, the results suggest that another viral or
host factor is required for assembly of the NCM complex observed in virions. © 1999 Academic Press
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Enveloped viruses acquire their lipid envelopes by
udding through host cell membranes, which is medi-
ted by interactions of viral membrane proteins with the
iral nucleocapsid core (Garoff et al., 1998). In the case of
esicular stomatitis virus (VSV), the prototype member of
he Rhabdovirus family, the viral matrix (M) protein has
een shown to bind the nucleocapsid during virus as-
embly by budding from host plasma membranes (Mc-
reedy and Lyles, 1989; Odenwald et al., 1986; Ohno and
htake, 1987). Viral nucleocapsids are assembled during
he process of RNA replication in the cytoplasm of in-
ected cells (Wertz et al., 1987). Both negative strand
enomes and positive strand antigenomes are encapsi-
ated by the major nucleocapsid (N) protein as they are
ynthesized. These nucleocapsids also contain the viral
and P protein subunits of the viral RNA polymerase.
ntracellular nucleocapsids containing negative strand
NA serve three functions: they are (a) the templates for
he transcription of viral mRNA, (b) the templates for
eplication of antigenomes, and (c) the source of nucleo-
1 To whom correspondence and reprint requests should be ad-
bressed. Fax: 336-716-7200. E-mail: eflood@wfubmc.edu.
295apsids incorporated into progeny virions as a result of
heir association with M protein. In virions, M protein is
resent in approximately a 2:1 molar ratio to the N
rotein and it condenses the nucleocapsid into a tightly
oiled helical nucleocapsid–M protein (NCM) complex
ith bullet-like morphology (Barge et al., 1993; Lyles and
cKenzie, 1998; Lyles et al., 1996b; Newcomb and
rown, 1981; Thomas et al., 1985). The mechanism of
ssembly of M protein with the nucleocapsid is the topic
f this report.
The majority of intracellular M protein in VSV-infected
ells is present as a soluble molecule in the cytoplasm,
lthough 10–20% of M protein is bound to the plasma
embrane (Chong and Rose, 1993; Knipe et al., 1977).
ytosolic M protein is mostly monomeric (McCreedy et
l., 1990) and enters rapidly into virions from a soluble
ool (Knipe et al., 1977). Curiously, the cytoplasm of
nfected cells contains high concentrations of intracellu-
ar nucleocapsids and cytosolic M protein, yet they do
ot colocalize with each other (Lyles et al., 1988; Ohno
nd Ohtake, 1987; Ono et al., 1987). Possible reasons for
he failure of cytoplasmic nucleocapsids to bind M pro-
ein include (1) either M protein or nucleocapsids require
maturation step to become competent for virus assem-
ly, (2) there may be cytoplasmic inhibitors that prevent
0042-6822/99 $30.00
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296 FLOOD AND LYLESinding, or (3) the cytoplasm may lack a factor that
nitiates assembly. Such an assembly-initiating factor
ould likely be located in the plasma membrane, since
his is the only place in infected cells where binding of M
rotein to the nucleocapsid and condensation into an
CM complex has been observed (McCreedy and Lyles,
989; Odenwald et al., 1986; Ohno and Ohtake, 1987; Ono
t al., 1987). An attractive hypothesis is that membrane-
ound M protein serves as a recognition site for binding
ntracellular nucleocapsids to the plasma membrane to
nitiate assembly. Alternatively, membrane-bound M pro-
ein may serve other functions in virus assembly that
ave been ascribed to M protein. For example, M protein
ontains an intrinsic budding activity; cells expressing M
rotein in the absence of other VSV proteins release
esicles containing M protein from the plasma mem-
rane (Justice et al., 1995; Li et al., 1993; Lyles et al.,
996b). M protein also stabilizes trimer formation of the
iral envelope glycoprotein (G protein) and facilitates
rganization of the G protein into patches in membranes
Luan and Glaser, 1994; Luan et al., 1995; Lyles et al.,
992; Reidler et al., 1981).
The in vitro binding of M protein to nucleocapsids that
esults in a nucleocapsid structure similar to that ob-
erved in virions likely represents a native interaction in
irions. When virions are treated with detergent at low
onic strength, M protein remains bound to nucleocap-
ids, yielding tightly coiled NCM complexes morpholog-
cally similar to those in native virions. Raising the ionic
trength leads to dissociation of M protein from nucleo-
apsids, resulting in loosely coiled and flexible nucleo-
apsids (Barge et al., 1993; Newcomb and Brown, 1981).
inding and dissociation of M protein in NCM complexes
ave been analyzed biochemically by sedimentation and
ight scattering assays (Lyles and McKenzie, 1998).
hese analyses demonstrated that dissociation of M
rotein in NCM complexes consists of two phases, a
eversible phase and an irreversible phase. Reversible
inding of M protein to the NCM complex occurs at
hysiological ionic strength (e.g., 120 mM NaCl), where
protein partially dissociates from the NCM complex.
he extent of dissociation depends on the concentration
f M protein and nucleocapsids, as well as the ionic
trength, and has an apparent equilibrium constant of 0.4
M at 120 mM NaCl. The irreversible phase occurs at
igher ionic strengths (e.g., $250 mM NaCl), which
eads to nearly complete dissociation of M protein from
he NCM complex. Nucleocapsids stripped of M protein
t high ionic strength cannot bind M protein at physio-
ogical ionic strength (i.e., 120 mM NaCl). It was pro-
osed that, in infected cells, assembly of M protein with
ucleocapsids might also proceed through two steps,
orresponding to the two phases observed during dis-
ociation of M protein from virion NCM complexes. Theirst step in assembly of an NCM complex would be a wrocess that initiates high-affinity binding of M protein,
orresponding to the process that is irreversibly inacti-
ated by high ionic strength. The transition to high-affinity
inding of M protein would be followed by a separate
tep in which most of the M protein is recruited into the
CM complex, corresponding to the reversible interac-
ion at physiological ionic strength.
We have developed an in vitro system capable of
easuring the binding of M protein and nucleocapsids
erived from either virions or from infected cells. In this
eport we determined the ability of intracellular M protein
nd nucleocapsids to assemble into NCM complexes.
he results indicated that both cytosolic and membrane-
erived M proteins were competent to assemble into
irion NCM complexes with an affinity similar to that
bserved for virion M protein. However, neither cytosolic
or membrane-derived M proteins bound to intracellular
ucleocapsids with the same affinity observed for virion
CM complexes. This indicated that intracellular nucleo-
apsids, and not the intracellular M proteins, need to
ndergo an assembly-initiating event in order to assem-
le into an NCM complex. These data suggest that
either membrane-bound nor cytosolic M protein alone
an initiate assembly of NCM complexes.
RESULTS
inding of M protein from cytosolic or membrane
ractions of infected cells to NCM complexes
An M protein exchange assay was used to determine
f cytosolic M protein was competent to assemble into
CM complexes (Fig. 1A). We had previously demon-
trated that M protein present in the NCM complex
eversibly dissociates and reassociates with the nucleo-
apsid. Therefore, if exogenous radiolabeled M protein
s mixed with NCM complexes, the radiolabeled M pro-
ein will exchange with the endogenous M protein (Lyles
nd McKenzie, 1998). The amount of radiolabeled M
rotein bound to the nucleocapsid reflects its binding
ffinity relative to the endogenous M protein. The binding
ffinity of M protein for NCM complexes is dependent on
he salt concentration, with higher salt concentrations
avoring dissociation of M protein (Lyles and McKenzie,
998). The exchange of cytosolic M protein into virion
CM complexes was tested at physiologic ionic strength
120 mM NaCl) using protein concentrations (30–40
g/ml of virion protein) that resulted in dissociation of
0% of endogenous M protein from the NCM complexes.
A radiolabeled cytosolic fraction was prepared from
SV-infected baby hamster kidney (BHK) cells pulse la-
eled with [35S]methionine at 4 h postinfection. Radiola-
eled cytosol was mixed with non-radiolabeled purified
irions as a source of NCM complexes in buffer contain-
ng 120 mM NaCl (Fig. 1B). The detergent Triton X-100
as added to solubilize the virion envelope. The mixture
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(lane 1) were used as protein markers.
297ASSEMBLY OF VSV NCM COMPLEXESas incubated at room temperature for 5 min, which
llows for complete equilibration of M protein in VSV
CM complexes (Lyles and McKenzie, 1998), and then
as centrifuged to pellet the nucleocapsids and any M
rotein associated with the nucleocapsid. The superna-
ants and pellets were analyzed by SDS–PAGE and phos-
horescence imaging. In these experiments the radiola-
eled M protein was added in trace amounts (;100-fold
ess intracellular M protein than the endogenous virion
protein in the NCM complex), so that the distribution of
ndogenous M protein between bound and unbound
tates was not perturbed by the addition of exogenous M
rotein. As a control, the radiolabeled cytosolic fraction
as treated in the same manner but without virions as a
ource of NCM complexes. This measured the amount of
protein that was detected in the pellet fraction for
onspecific reasons. As additional specificity controls,
he radiolabeled cytosolic fraction prepared from cells
nfected with VSV-Indiana (VSV-IND) was mixed with
quivalent amounts of purified VSV of another serotype,
SV-New Jersey (VSV-NJ), or with purified viruses of other
amilies, influenza virus, and Sendai virus.
A phosphorescence image from one such experiment
s shown in Fig. 1B. When the radiolabeled cytosolic
raction from VSV-IND-infected cells was mixed with non-
adiolabeled purified VSV-IND or -NJ serotypes, the cy-
osolic M protein was found in both the supernatant and
he pellet fractions (Fig. 1B, lanes 4–7), reflecting the
xchange of cytosolic M protein into NCM complexes
hat had partially dissociated at 120 mM NaCl. The het-
rotypic binding of cytosolic M protein of VSV-IND to
SV-NJ NCM complexes was expected based on the
inding that the M proteins of VSV-IND and -NJ are able
o complement temperature-sensitive M-gene mutants of
oth serotypes (Sun et al., 1994). In the absence of
irions as a source of NCM complexes, only a trace
uantity of M protein was detected in the pellet fraction
lane 3). Similarly, in the presence of influenza or Sendai
irus NCM complexes, only trace quantities of M protein
ere detected in the pellet fraction (Fig. 1B, lanes 9 and
1). In additional experiments, no binding above back-
round was detected with twice the concentration of
nfluenza or Sendai viruses (80 mg/ml) or when mem-
rane-derived M protein was mixed with influenza or
endai viruses (data not shown). These results indicate
hat cytosolic M protein is able to exchange with VSV
CM complexes but not with those of influenza and
endai viruses (Fig. 1B, lanes 5 and 7 versus 9 and 11).
he cytosolic fraction also contains soluble N, P, and L
iral proteins. These proteins also associated with VSV
CM complexes but not with those of influenza and
endai viruses. It has not been determined if this binding
epresents an exchange of cytosolic N, P, and L proteins
or proteins in the NCM complex, as is the case for MFIG. 1. M protein exchange assay. (A) Schematic representation of
eversible binding of M protein in NCM complexes. Radiolabeled
oluble M protein (closed circles) mixed with virion NCM complexes
ill exchange with the endogenous virion M protein (open circles)
riginally present in virion NCM complexes. Incubation at physio-
ogical ionic strength (120 mM NaCl) results in partial dissociation of
CM complexes. The amount of radiolabeled M protein bound to the
CM complex reflects its binding affinity relative to the endogenous
irion M protein. (B) Binding of cytosolic M protein of VSV, Indiana
erotype (VSV-IND), to NCM complexes from different VSV serotypes
nd different virus families at 120 mM NaCl. A radiolabeled cytosolic
raction isolated from VSV-IND-infected BHK cells was mixed with
quivalent amounts (40 mg/ml) of non-radiolabeled purified VSV-IND
lanes 4, 5), VSV, New Jersey serotype (VSV-NJ) (lanes 6, 7), influenza
irus (infl.-X47) (lanes 8, 9), and Sendai virus Z strain (Sen. Z) (lanes
0, 11) as sources of NCM complexes. Triton X-100 was added to
olubilize the virion envelopes, and the mixtures were incubated at
oom temperature for 5 min and then were centrifuged. The super-
atant (S) and pellet (P) fractions were analyzed by SDS–PAGE,
hosphorescence images of which are shown. As a control, the
adiolabeled cytosolic fraction isolated from VSV-infected cells was
reated in the same manner but without the addition of virions as a
ource of nucleocapsids (lanes 2, 3). Radiolabeled purified virionsrotein (Lyles and McKenzie, 1998).
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298 FLOOD AND LYLESIt has been proposed that M protein on the cytoplas-
ic surface of host plasma membranes provides a bind-
ng site for intracellular nucleocapsids to initiate budding
Chong and Rose, 1993; McCreedy and Lyles, 1989).
hus, it might be expected that membrane-derived M
rotein would have a higher affinity than cytosolic M
rotein for binding nucleocapsids. The M protein ex-
hange assay was used to compare the affinities of
ytosolic versus membrane-derived M proteins for bind-
ng virion NCM complexes. These experiments were
erformed at two different ionic strengths, 120 mM NaCl
Fig. 2A) and 60 mM NaCl (Fig. 2B), since the affinity of M
rotein binding to NCM complexes is dependent on ionic
trength (Lyles and McKenzie, 1998). When radiolabeled
ytosolic or membrane-derived fractions from infected
ells were mixed with non-radiolabeled purified virions
t 120 mM NaCl, both cytosolic and membrane-derived
proteins were found in the pellet fraction (lanes 3 and
), reflecting the exchange of intracellular M protein into
CM complexes. Similar results were obtained at 60 mM
aCl, except that a greater amount of both cytosolic and
embrane-derived M protein bound to the NCM com-
lex, reflecting the salt-dependent binding of M protein
compare lanes 5 and 7 of Figs. 2A and 2B). The mem-
rane fraction also contained the viral G, N, P, and L
roteins. G protein was detected in the supernatant as
xpected for a solubilized membrane protein (lanes 6
nd 8). However, the N, P, and L proteins were detected
n the pellet in both the presence (lane 7) and the ab-
ence (lane 9) of virion NCM complexes. These probably
epresent nucleocapsids associated with the plasma
embrane in the process of virus assembly (McCreedy
nd Lyles, 1989; Odenwald et al., 1986), which became
eleased from the membrane by the addition of deter-
ent. These nucleocapsids released from membranes
ay bind a small amount of the solubilized membrane-
erived M protein, as shown by the increased level of
embrane-derived M protein detected in the pellet in the
bsence of virions compared to cytosolic M protein,
articularly at 60 mM NaCl (lane 9 versus lane 5, Fig. 2B).
Data from three independent experiments were quan-
itated, and the percentage of M protein in the pellet was
alculated as the amount of M protein in the pellet
ivided by the sum of M protein in supernatant and pellet
Fig. 2C). Both cytosolic and membrane-derived M pro-
ein bound to NCM complexes to similar extents, approx-
mately 55–65% at 60 mM NaCl (black bars) and approx-
mately 20% at 120 mM NaCl (hatched bars). In the
bsence of virions as a source of NCM complexes there
as less than 5% of M protein in the pellet fraction,
xcept in the case of the membrane fraction at 60 mM
aCl, as noted above. These data indicate that both
ytosolic and membrane-derived M proteins were com-
etent to assemble into NCM complexes and that there
as little or no difference between cytosolic and mem- trane-derived M proteins in their ability to bind to NCM
omplexes.
It is possible that infected cells contain activities that
ither promote or inhibit the association of M protein and
ucleocapsids. We reasoned that any activities present
n infected cells which affected the binding of M protein
nd nucleocapsids in the cytoplasm may also affect the
inding of M protein to NCM complexes from virions.
hus, either an increase or a decrease in the extent of
issociation of virion M protein from NCM complexes
ue to the addition of a subcellular fraction would indi-
ate the presence of an activity that affected the binding
f M protein and nucleocapsids. To determine if the
ytosolic and membrane fractions contained such an
ctivity an assay identical to that in Fig. 2 was used,
xcept that in these experiments purified virions were
adiolabeled and the subcellular fractions were not ra-
iolabeled. Purified 35S-labeled virions were mixed with
on-radiolabeled cytosolic or membrane fractions iso-
ated from infected cells; the membranes and virion en-
elopes were solubilized with detergent and the binding
f M protein to NCM complexes was allowed to equili-
rate and then was centrifuged. The resulting superna-
ant and pellet fractions were analyzed by SDS–PAGE
nd the amount of virion M protein that bound to the
CM complexes was quantitated by phosphorescence
maging. Figure 3 shows data from one such experiment
erformed at 120 mM (Fig. 3A) and 60 mM (Fig. 3B) NaCl,
s well as quantitation of results from three independent
xperiments (Fig. 3C). When radiolabeled virions were
ixed with non-radiolabeled cytosolic or membrane frac-
ions from infected cells at 120 mM NaCl, M protein was
ound in both the supernatant and pellet fractions (lanes
–4, Fig. 3A), reflecting the partial dissociation of endog-
nous virion M protein from the NCM complex. The
istribution of M protein between supernatant and pellet
ractions was similar to that obtained in the absence of
ither subcellular fraction (lanes 5 and 6), with approxi-
ately 20% of M protein bound to NCM complexes in
ither the presence or the absence of subcellular frac-
ions (Fig. 3C, hatched bars). Similar results were ob-
ained at 60 mM NaCl, except that less M protein disso-
iated from the NCM complex, resulting in approximately
5% of M protein detected in the pellet in both the
resence and the absence of subcellular fractions (Fig.
C, black bars). These results indicate that the cytosolic
nd membrane fractions isolated from VSV-infected BHK
ells did not contain activities that affected the binding of
irion M protein to NCM complexes. Also, neither sub-
ellular fraction contained sufficient M protein to in-
rease the binding of M protein by a mass action effect
100-fold less intracellular M protein than virion-derived
protein). The binding of cytosolic and membrane-
erived M protein to NCM complexes (Fig. 2) was similar
o the binding of endogenous virion M protein (Fig. 3),
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299ASSEMBLY OF VSV NCM COMPLEXESlthough intracellular M proteins bound to NCM com-
lexes slightly less than endogenous virion M protein.
verall, these results indicate that (1) M proteins from
nfected cell cytosolic or membrane-derived fractions are
ompetent to assemble into NCM complexes, (2) intra-
ellular M proteins bind with relative affinities similar to
hat of endogenous virion M protein, and (3) binding of M
rotein to NCM complexes is not affected by other com-
onents in the subcellular fractions.
omposition and morphology of intracellular
ucleocapsids and virion nucleocapsids
tripped of M protein
Intracellular nucleocapsids are not observed to colo-
alize with M protein in the cytoplasm of infected cells
Lyles et al., 1988; Ohno and Ohtake, 1987; Ono et al.,
987). This suggests that intracellular nucleocapsids are
ot able to bind M protein. Therefore, the ability of intra-
ellular nucleocapsids to bind cytosolic M protein was
etermined using the same conditions that demon-
trated binding of M protein to virion NCM complexes.
ntracellular nucleocapsids were isolated at 5 h postin-
ection from BHK cells lysed in buffer containing Triton
-100 and 100 mM NaCl, similar to previously described
ethods (Naeve et al., 1980). This salt concentration
reserves the reversible binding and dissociation of M
rotein in NCM complexes from virions (Lyles and
cKenzie, 1998). The intracellular nucleocapsids were
solated from the postnuclear lysate by sucrose gradient
entrifugation in the presence of 100 mM NaCl and then
ialyzed against 10 mM NaCl buffer. This method
voided the use of high ionic strength buffers, since
irion NCM complexes treated with high ionic strength,
.g., $250 mM NaCl, lose their ability to bind M protein.
he protein composition and morphology of virion nu-
leocapsids and intracellular nucleocapsids isolated at
ifferent ionic strengths were determined by SDS–PAGE
nd staining with Coomassie blue (Fig. 4A) or by nega-
ive stain electron microscopy (Figs. 4B and 4C). Virion
ucleocapsids isolated at 250 mM NaCl contained the
iral N, P, and L proteins but were largely devoid of M
rotein (lane 2, Fig. 4A). These nucleocapsids were
ermed stripped nucleocapsids. Intracellular nucleocap-
ids exhibited a protein profile similar to that of stripped
ucleocapsids, although they were isolated at 100 mM
aCl. They contained the viral N, P, and L proteins and
ere also largely devoid of M protein (lane 3). When
arger numbers of intracellular nucleocapsids were ana-
y phosphorescence imaging and is expressed as the percentage of M
rotein in the pellet. Data shown are the means 6SD from three
ndependent experiments in the presence of 60 mM NaCl (solid bars)FIG. 2. Binding of cytosolic and membrane-derived M protein to
CM complexes at 120 mM NaCl (A) or 60 mM NaCl (B) measured by
protein exchange assay described in Fig. 1. 35S-labeled cytosolic
lanes 2–5) or membrane-derived (lanes 6–9) fractions from infected
ells were incubated in the presence (lanes 2, 3, 6, 7) or the absence
lanes 4, 5, 8, 9) of purified virions (30 mg/ml total protein). Triton X-100
as added to solubilize the virion envelopes and cellular membranes.
he mixtures were incubated at room temperature for 5 min and then
ere centrifuged. Supernatant (S) and pellet (P) fractions were ana-
yzed by SDS–PAGE, phosphorescence images of which are shown.
adiolabeled purified virions (lane 1) were used as protein markers. (C)r 120 mM NaCl (hatched bars).
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phosphorescence images of which are shown. (C) The amount of
300 FLOOD AND LYLESyzed, host proteins and trace quantities of M protein
ere detected, consistent with a low level of contamina-
ion with other intracellular components (lanes 4–6).
Electron microscopy of intracellular nucleocapsids,
solated at 10 mM NaCl, showed that they were highly
xtended and were often coiled around each other (Fig.
B). Single nucleocapsid strands were visible in regions
here nucleocapsids had become uncoiled (Fig. 4B,
rrow). Stripped nucleocapsids isolated from virions ap-
eared quite similar to intracellular nucleocapsids after
ialysis against buffer containing 10 mM NaCl (Fig. 4C).
hese results indicate that although intracellular and
tripped nucleocapsids were isolated at different salt
oncentrations they had similar protein compositions
nd morphologies.
inding of intracellular nucleocapsids to intracellular
protein
To determine if intracellular nucleocapsids could bind
ntracellular M protein, radiolabeled cytosolic or mem-
rane-derived fractions isolated from VSV-infected BHK
ells at 4.5 h postinfection were mixed with increasing
mounts of intracellular nucleocapsids at 120 mM NaCl.
adiolabeled subcellular fractions were mixed with
irion NCM complexes as a positive control and with
tripped nucleocapsids as a negative control. The sam-
les were allowed to equilibrate, then centrifuged, and
he supernatant and pellet fractions were analyzed by
DS–PAGE and phosphorescence imaging (Fig. 5). In
rder to compare the binding of M protein to the three
ifferent nucleocapsid species, the concentration of nu-
leocapsid protein was normalized to the number of free
inding sites for M protein present on each nucleocapsid
pecies. Nucleocapsid protein concentrations were de-
ermined by quantitating the amount of N protein in each
reparation by SDS–PAGE and Coomassie blue staining.
ach N protein can bind two molecules of M protein
Lyles et al., 1996a; Thomas et al., 1985). Therefore, for
ntracellular or stripped nucleocapsids, an N protein con-
entration of 3 mM corresponded to 6 mM free M protein
inding sites. For NCM complexes, the number of free M
rotein binding sites was calculated by subtracting the
umber of sites occupied by endogenous virion M pro-
ein from the total number of sites on the NCM complex
t each protein concentration using a dissociation con-
tant of 0.4 mM (120 mM NaCl) (Lyles and McKenzie,
998). For example, at the highest concentration of nu-
leocapsids in Fig. 5, the N protein concentration was 3.9
adiolabeled M protein in each fraction was quantitated by phospho-
escence imaging and is expressed as the percentage of M protein in
he pellet. Data shown are the means 6 SD from three independent
xperiments in the presence of 60 mM NaCl (solid bars) or 120 mMFIG. 3. Binding of virion M protein to NCM complexes at 120 mM (A)
r 60 mM (B) NaCl in the presence of subcellular fractions from
SV-infected BHK cells. Purified 35S-labeled virions (40 mg/ml total
rotein) were mixed with non-radiolabeled cytosolic (lanes 1 and 2) or
embrane-derived fractions (lanes 3 and 4) or in the absence of either
ubcellular fraction (lanes 5 and 6). Triton X-100 was added to solubilize
he virion envelopes and cellular membranes. The mixtures were in-
ubated at room temperature for 5 min and then were centrifuged.
upernatant (S) and pellet (P) fractions were analyzed by SDS–PAGE,aCl (hatched bars).
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301ASSEMBLY OF VSV NCM COMPLEXESM; therefore, the total concentration of M protein bind-
ng sites was 7.8 mM. However, 71% of these sites were
FIG. 4. Analysis of intracellular and virion nucleocapsids. Intracellu-
ar nucleocapsids were isolated by sucrose gradient centrifugation in
he presence of 100 mM NaCl. Virion nucleocapsids were stripped of M
rotein by incubation in the presence of 250 mM NaCl and isolated by
ucrose gradient centrifugation. (A) SDS–PAGE and Coomassie blue
taining of virions (1.8 mg N protein, lane 1), virion nucleocapsids (0.5
g N protein, lane 2), and intracellular nucleocapsids (0.5, 1.0, 2.0, 4.0
g N protein, lanes 3–6, respectively). Isolated intracellular (B) and
irion (C) nucleocapsids were analyzed by negative stain electron
icroscopy after dialysis against 10 mM Tris, pH 7.5, 10 mM NaCl.
rrow indicates region of single nucleocapsid strand. Bar, 50 nm.ccupied by endogenous virion M protein, thus reducing rhe concentration of free M protein binding sites to 2.3
M.
Cytosolic M protein bound with high affinity to NCM
omplexes (Fig. 5A, black squares), as expected from the
ata in Fig. 2. Stripped nucleocapsids bound little if any
protein (open squares), since they have lost the ability
o bind M protein after isolation at high ionic strength
Lyles and McKenzie, 1998). Intracellular nucleocapsids
xhibited an affinity for binding cytosolic M protein that
as intermediate between that of NCM complexes and
ntracellular nucleocapsids (open circles). The apparent
ffinity of intracellular nucleocapsids and cytosolic M
rotein was approximately eightfold less than that deter-
ined for NCM complexes (apparent Kd 5 14 mM versus
.7 mM, respectively). Similar results were obtained for
inding of M protein isolated from virions to intracellular
ucleocapsids (data not shown). These data show that
ytosolic M protein bound to intracellular nucleocapsids,
ut the affinity was much lower than that of NCM com-
lexes from virions.
Binding of intracellular nucleocapsids to membrane-
erived M protein was analyzed as described for cyto-
olic M protein. Membrane-derived M protein bound with
igh affinity to NCM complexes (Fig. 5B, solid squares)
nd exhibited little if any binding activity to stripped
ucleocapsids (open squares). However, membrane-de-
ived M protein also exhibited little binding activity for
ntracellular nucleocapsids (circles). These experiments
ailed to support the hypothesis that membrane-derived
protein may serve as a recognition site for binding
ntracellular nucleocapsids at the plasma membrane.
It is possible that solubilizing the membranes with
etergent inactivated any binding activity contained in
he membrane fraction from infected cells. Therefore,
inding of nucleocapsids to membranes from VSV-in-
ected cells was analyzed using membranes that were
ot solubilized with detergent (Fig. 6). It has been re-
orted that stripped nucleocapsids isolated from virions
ind membranes containing M protein (Chong and Rose,
993; Ogden et al., 1986). The same procedure used
reviously (Chong and Rose, 1993; Ogden et al., 1986)
as used to measure membrane binding of radiolabeled
tripped nucleocapsids mixed with membranes isolated
rom VSV-infected (squares) and mock-infected (dia-
onds) BHK cells or in the absence of membranes
circles). The samples were analyzed by flotation in a
iscontinuous sucrose gradient and gradient fractions
ere analyzed by SDS–PAGE. The amount of radiola-
eled N protein was quantitated as a measure of the
umbers of nucleocapsids in each fraction and was
lotted as the percentage of total N protein present in the
radient. The majority of the nucleocapsids remained at
he bottom of the gradient. The membranes floated to
ractions 2 and 3 in these gradients. There was no
eproducible difference in the amount of N protein in the
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302 FLOOD AND LYLESractions containing membranes from infected versus
ninfected cells. VSV-infected (squares) and mock-in-
ected (diamonds) membranes contained 4% and 2% of
he total N protein in the gradient, respectively. In the
bsence of membranes (circles), an equivalent amount
f N protein was detected in these fractions (6% of total
protein), indicating that only background levels of N
rotein were detected in these fractions. Similar results
ere obtained over a pH range from 7.1 to 8.1, as well as
n sucrose gradients without any NaCl in the gradient
data not shown). These experiments did not detect ac-
ivities in membranes isolated from infected cells that
romoted the association of nucleocapsids with the
lasma membrane.
omogeneity of the interaction between intracellular
ucleocapsids and M protein
The intermediate affinity of cytosolic M protein binding
o intracellular nucleocapsids (Fig. 5A) may reflect the
resence of a mixture of nucleocapsids containing vary-
ng affinities for M protein. For example, intracellular
ucleocapsids destined for virus assembly may exhibit a
igh affinity for M protein, while those destined to remain
ntracellular may exhibit a low affinity. To determine if
ntracellular nucleocapsids were homogeneous or het-
rogeneous for binding M protein, intracellular nucleo-
apsids were sedimented through a sucrose gradient in
he presence and the absence of M protein (Fig. 7).
ntracellular nucleocapsids that bound M protein should
FIG. 6. Binding of virion nucleocapsids stripped of M protein to
membranes analyzed by membrane flotation. 35S-labeled nucleocap-
sids (105 CPM) isolated from virions were mixed with membranes
isolated from 3 3 107 VSV-infected cells (squares), mock-infected cells
(diamonds), or without membranes (circles). The reactions were incu-
bated for 1 h at 37°C, mixed with 66% sucrose, and overlaid with 40 and
10% (w/w) sucrose solutions. The samples were centrifuged for 16 h to
float the membranes. Fractions were collected from the bottom and
analyzed by SDS–PAGE. The amount of N protein in each fraction was
quantitated by phosphorescence imaging and is plotted as the per-FIG. 5. Binding of cytosolic and membrane-derived M protein
o intracellular and virion nucleocapsids at 120 mM NaCl. Radiola-
eled cytosolic (A) or membrane (B) fractions isolated from VSV-
nfected BHK cells were mixed with increasing amounts of purified
irions as a source of NCM complexes (solid squares), intracel-
ular nucleocapsids (circles), or virion nucleocapsids stripped of
protein (open squares). Triton X-100 was added to solubilize
he virion envelopes. The mixtures were incubated at room
emperature for 5 min and then were centrifuged. Supernatant
nd pellet fractions were analyzed by SDS–PAGE, and the amount
f M protein was quantitated by phosphorescence imaging. Binding
f M protein to the three different nucleocapsid species is shown
lotted against the number of free binding sites for M protein
resent on each nucleocapsid species (calculated from the
oncentrations of N and M proteins). The binding data of cytosolic
protein (A) for NCM complexes are means from seven indepen-
ent experiments; the standard deviations of each point were 66.7–
.6%. Data for stripped nucleocapsids are means from four inde-
endent experiments; standard deviations of each point were 61.1–
.6%. Data for intracellular nucleocapsids were obtained from three
ndependent experiments, where each point represents the mean
alue from duplicate or triplicate samples within each experiment.
he binding data of membrane-derived M protein (B) for NCM
omplexes are means from three independent experiments; the
tandard deviation of each point ranged from 60.5 to 6.7%, with one
xception of 611.7%. Data for stripped nucleocapsids are means
rom three independent experiments; the standard deviation of each
oint ranged from 60.4 to 5.2%. Data for intracellular nucleocapsids
ere obtained from two independent experiments. Each point rep-
esents the mean value from triplicate samples within each
xperiment. The standard deviation of each point ranged from 62.2centage of total N protein. The membranes were in fractions 2 and 3.
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303ASSEMBLY OF VSV NCM COMPLEXESe separated from those that did not due to their differ-
nces in mass. Since the M protein–nucleocapsid inter-
ction is dynamic, M protein was present throughout the
radient to stabilize formation of the M protein–nucleo-
apsid complex. The source of M protein in the gradient
as a soluble extract from virions treated with Triton
-100 in the presence of 250 mM NaCl. This extract also
ontained the viral G protein and envelope lipids. The
inding activity of M protein isolated at 250 mM NaCl is
ot inactivated, since it can still bind to NCM complexes
FIG. 7. Sedimentation of intracellular and virion nucleocapsids
tripped of M protein in gradients containing M protein. Intracellular (A)
nd stripped (B) nucleocapsids were sedimented through 10–60% (w/v)
ucrose gradients containing (squares) or lacking (circles) M protein
hroughout the gradient. The source of M protein in the gradients was
soluble extract obtained from virions treated with Triton X-100 at 250
M NaCl. Sucrose gradients containing M protein throughout were
enerated by dissolving sucrose into the soluble extract containing M
rotein to yield 10 and 60% (w/v) sucrose solutions containing equal
mounts of M protein with final concentrations of 125 mM NaCl, 0.25%
riton X-100, and approximately 0.2 mg/ml (7 mM) M protein. For each
raction, the amount of N protein was determined by SDS–PAGE and
hosphorescence imaging. The top of the gradient is indicated; P
ndicates material recovered from the pellet fraction.rom virions at 120 or 60 mM NaCl (Lyles and McKenzie, p998). The soluble extract from virions was diluted to give
salt concentration in the gradient of 125 mM NaCl.
edimentation of intracellular nucleocapsids in gradi-
nts containing M protein (Fig. 7A, squares) resulted in a
ingle peak of slightly increased sedimentation velocity
ompared to intracellular nucleocapsids in gradients
ithout M protein (circles). This result indicates that
ntracellular nucleocapsids are homogeneous for bind-
ng M protein since all the nucleocapsids were shifted to
faster sedimentation velocity. As a control, stripped
ucleocapsids, which do not bind M protein, were sedi-
ented in sucrose gradients in the presence and the
bsence of M protein. Stripped nucleocapsids sedi-
ented to similar positions in each gradient as expected
Fig. 7B), since they do not bind M protein. The data in
ig. 7 are consistent with those in Fig. 5 in showing that
ntracellular nucleocapsids bind cytosolic M protein,
hile stripped nucleocapsids do not. Taken together,
ntracellular nucleocapsids behave as a homogeneous
opulation that have a reduced affinity for M protein
ompared to NCM complexes from virions.
In order to determine if the low-affinity binding of M
rotein to intracellular nucleocapsids affected their mor-
hology, intracellular nucleocapsids were incubated in
he presence or the absence of M protein and analyzed
y negative stain electron microscopy (data not shown).
ucleocapsids treated at 120 mM NaCl appeared mostly
s a loosely coiled helix with a diameter of 20.0 6 1.2 nm.
his was markedly different from the highly extended
tructure visible in nucleocapsids prepared in 10 mM
aCl (Fig. 4C), although uncoiled regions of nucleocap-
id with an extended structure were often apparent in
amples treated with 120 mM NaCl. Addition of M protein
o intracellular nucleocapsids did not change their mor-
hology much beyond the changes induced by the
igher salt concentration alone, although binding of M
rotein resulted in slightly more coiled regions with a
iameter of 17.0 6 1.0 nm. These results are consistent
ith the idea that the relatively low-affinity binding of M
rotein to intracellular nucleocapsids is not sufficient to
nduce condensation of the intracellular nucleocapsids
nto a structure resembling the NCM complex observed
n virions.
DISCUSSION
The experiments presented here address the ques-
ion of why M protein and nucleocapsids assemble
nto NCM complexes at the plasma membrane but not
n the cytoplasm of infected cells. One possibility was
hat cytosolic M protein cannot bind to nucleocapsids,
hile membrane-derived M protein can bind. How-
ver, both cytosolic and membrane-derived M proteins
ere competent to assemble into virion NCM com-
lexes with affinities similar to that of virion M protein
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304 FLOOD AND LYLESFigs. 2 and 3). Another possibility was that the cyto-
olic fraction from infected cells contained an inhibitor
f M protein binding. However, neither cytosolic nor
embrane-derived fractions from infected cells con-
ained activities that affected binding of virion M pro-
ein to NCM complexes (Fig. 3). A third possibility is
hat intracellular nucleocapsids are not able to bind M
rotein. In support of this hypothesis, neither cytosolic
or membrane-derived M proteins bound to intracel-
ular nucleocapsids with the same affinity observed for
irion NCM complexes (Fig. 5). Therefore, intracellular
ucleocapsids, and not intracellular M proteins, need
o undergo a transition to high-affinity binding in order
o assemble into NCM complexes observed in virions.
Similar to results obtained with intracellular nucleo-
apsids, neither cytosolic nor membrane-derived M pro-
ein bound to virion nucleocapsids stripped of M protein
t high ionic strength (Fig. 5). This result is consistent
ith previous data showing that dissociation of M pro-
ein from nucleocapsids at high ionic strength is irrevers-
ble (Lyles and McKenzie, 1998). At very low ionic
trength (e.g., 10 mM NaCl), M protein will bind to virion
ucleocapsids that have been stripped of M protein at
igh ionic strength (Lyles and McKenzie, 1998; Newcomb
t al., 1982), and this binding is sufficient to condense
ucleocapsids into the bullet-like shape observed in
irion NCM complexes (Newcomb et al., 1982). However,
his reassociation results in the formation of NCM com-
lexes with strikingly different biochemical properties
rom those of NCM complexes assembled in vivo (Lyles
nd McKenzie, 1998). For example, binding is undetect-
ble at 60 mM or 120 mM NaCl, and the rates of M
rotein dissociation upon shifting the salt concentration
ere approximately an order of magnitude faster than
hose of NCM complexes assembled in vivo.
In order for M protein to be recruited into NCM com-
lexes it may interact with other M protein molecules
lready bound to the nucleocapsid. This could explain
hy intracellular M proteins can bind virion NCM com-
lexes, which contain endogenous M protein, while they
annot bind to virion nucleocapsids stripped of M pro-
ein. Aggregates of M protein have been shown to form
t low ionic strength in the absence of nucleocapsids
Gaudin et al., 1995; McCreedy et al., 1990). However,
elf-association of M protein in the absence of nucleo-
apsids differs from M protein binding to NCM com-
lexes in both its salt dependence and the kinetics of
issociation (Lyles and McKenzie, 1998). For example, M
rotein dissociates from aggregates much more slowly
han it dissociates from NCM complexes. Also, at phys-
ologic ionic strength, in the presence of Triton X-100, M
rotein remains soluble in the absence of NCM com-
lexes (Figs. 1 and 2 and McCreedy et al., 1990), but
inds efficiently to NCM complexes (Fig. 5 and Lyles and
cKenzie, 1998). sEven though intracellular nucleocapsids did not bind
protein with high affinity, they did bind cytosolic and
irion-derived M protein with an apparent affinity approx-
mately eightfold less than that of virion NCM complexes
Figs. 5 and 7 and data not shown). This lower binding
ffinity could not be accounted for by heterogeneous
ffinities among intracellular nucleocapsids, since they
edimented as a homogeneous population in gradients
ontaining M protein (Fig. 7). The morphology of intra-
ellular nucleocapsids was not markedly affected by the
ow-affinity interaction with M protein. This contrasts with
he high-affinity interaction with M protein in virions,
hich condenses the nucleocapsid into a bullet-shaped
tructure (Barge et al., 1993; Newcomb and Brown, 1981).
revious studies indicated that M protein and nucleo-
apsids did not colocalize with each other in the cyto-
lasm of infected cells and that condensed nucleocap-
ids characteristic of NCM complexes were observed
nly at the plasma membrane (Lyles et al., 1988; Mc-
reedy and Lyles, 1989; Odenwald et al., 1986; Ohno and
htake, 1987; Ono et al., 1987). The low-affinity interac-
ion observed here may lead to an association of M
rotein and nucleocapsids in the cytoplasm of infected
ells that was not apparent by methods using micros-
opy. Such an interaction may play a role in the regula-
ion of viral transcription by M protein (Carroll and Wag-
er, 1979; Clinton et al., 1978; Morita et al., 1987; Wilson
nd Lenard, 1981). It is possible that this low-affinity
nteraction of M protein with intracellular nucleocapsids
s part of the virus assembly pathway. Alternatively, it
ight represent an in vitro interaction that does not
ccur in virions. In either case, these data indicate that in
rder for M protein to assemble into an NCM complex,
ntracellular nucleocapsids need to undergo a transition
o high-affinity binding of M protein similar to the binding
bserved in NCM complexes from virions.
Infected cells contain a mixture of nucleocapsids with
egative strand genomes and positive strand anti-
enomes. The genome RNA contains a nucleotide se-
uence near the 59 terminus that provides a basis for
elective budding of nucleocapsids with negative strand
NA genomes (Whelan and Wertz, 1999). The inability of
ntracellular nucleocapsids to bind M protein with high
ffinity could be explained if the intracellular nucleocap-
ids primarily contained positive strand antigenomes.
owever, at 3 h postinfection approximately 60% of in-
racellular nucleocapsids contain negative strand RNA
nd at 6 h postinfection approximately 80% of intracellu-
ar nucleocapsids contain negative strand RNA (Simon-
en et al., 1979; Soria et al., 1974). In the experiments
escribed here, intracellular nucleocapsids were radio-
abeled from 3 to 5 h postinfection. Therefore, at least
0% of the radiolabeled nucleocapsids contain negative
trand genomes. If M protein bound only to nucleocap-
ids with negative strand RNA, these nucleocapsids
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305ASSEMBLY OF VSV NCM COMPLEXEShould have been distinguished from nucleocapsids with
ositive strand RNA by their different sedimentation ve-
ocities in the presence of M protein (Fig. 7). However,
ntracellular nucleocapsids sedimented as a uniform
opulation in the presence of M protein. Thus, even
hough greater than 60% of the intracellular nucleocap-
ids contain negative strand genomes, they still need to
ndergo a transition in order to bind M protein with high
ffinity.
This raises the question of what is the nature of the
ransition that leads to assembly of NCM complexes of
igh affinity. The results suggest two possible models for
ssembly of NCM complexes based on whether the
ow-affinity interaction of cytosolic M protein with intra-
ellular nucleocapsids is a precursor to the high-affinity
nteraction of M protein and nucleocapsids in virions. In
ne model, cytosolic M protein first binds to nucleocap-
ids with low affinity. A separate step converts the inter-
ction to one of high affinity. An alternative model is that
he low-affinity interaction is not part of the assembly
athway. In this model, assembly of NCM complexes is
nitiated by the transition to high-affinity binding of M
rotein followed by recruitment of additional M protein.
or example, binding of the initial M protein to the nu-
leocapsid could be fundamentally different from binding
f the M protein that is subsequently recruited into the
CM complex. Binding of the initial M protein(s) to the
ucleocapsid could trigger a high-affinity state through-
ut the entire nucleocapsid such that additional M pro-
eins are randomly recruited into the assembling NCM
omplex. Alternatively, once the initial M protein(s) binds
o the nucleocapsid, additional M proteins could be re-
ruited into the assembling NCM complex by polymeriz-
ng with the preexisting M proteins already associated,
roviding an ordered mechanism of assembly and dis-
ssembly similar to that observed in the helical tobacco
osaic virus (Butler, 1984). These proposed steps in
ssembly correspond with the salt-dependent disassem-
ly of virion NCM complexes. The recruitment step in
ssembly corresponds to the reversible dissociation and
eassociation of M protein in NCM complexes at physi-
logical ionic strength. The initiation step in assembly
orresponds to the process that is irreversibly inacti-
ated by high ionic strength.
It has been proposed that membrane-bound M protein
nitiates binding of intracellular nucleocapsids to the
lasma membrane (Chong and Rose, 1993; McCreedy
nd Lyles, 1989). According to this model, membrane-
erived M protein should either bind nucleocapsids with
igher affinity than cytosolic M protein or be able to
nitiate binding to nucleocapsids devoid of M protein,
hile cytosolic M protein cannot. However, membrane-
erived M protein did not bind to virion NCM complexes
ith an affinity higher than that of cytosolic M proteinFig. 2) and exhibited little to no binding activity for either fntracellular nucleocapsids or virion nucleocapsids
tripped of M protein (Figs. 5 and 6). The inability of
embrane-derived M protein to bind nucleocapsids de-
oid of M protein disagrees with previous reports that
emonstrated binding of virion nucleocapsids to M pro-
ein in reconstituted liposomes (Ogden et al., 1986) or to
embranes isolated from transfected cells (Chong and
ose, 1993). We have tried to reproduce the conditions
sed in these previous reports but have not detected
inding activity above background levels (Fig. 6 and
npublished data). The reasons for this discrepancy are
ot known. It is possible that the virion nucleocapsids
sed in the previous reports retained enough M protein
o be similar to the partially dissociated NCM complexes
nalyzed here, which bind both cytosolic and membrane-
erived M protein with high affinity.
Since membrane-derived M protein cannot initiate as-
embly alone, it appears likely that an additional factor is
equired for nucleocapsids to undergo the transition to
igh-affinity binding. Such a factor may be of either viral
r host origin. The participation of other viral compo-
ents, such as G protein, in assembly of NCM com-
lexes has not been ruled out. However, all of the viral
roteins were present in the binding experiments using
ubcellular fractions from infected cells, yet M protein
nd intracellular nucleocapsids did not associate with
igh affinity. This makes it more likely that the activity of
host factor is necessary to assemble high-affinity NCM
omplexes. The recent finding that the VSV M protein
nteracts with host proteins containing WW domains,
hich may be involved in the budding of virions, provides
xamples of potential host factors that may be involved
n assembling NCM complexes (Craven et al., 1999;
arty et al., 1999). In our experiments, such a host factor
ay have been lost or inactivated during preparation of
he subcellular fractions or may require additional cofac-
ors for its activity, such as divalent cations or nucleo-
ides. Future experiments will be directed toward identi-
ying such a factor that commits nucleocapsids to as-
emble into virions.
MATERIALS AND METHODS
ells and viruses
Wild-type VSV (New Jersey serotype or Indiana sero-
ype, San Juan strain) was grown in BHK cells. Infections
ere carried out in Dulbecco’s modified Eagle’s medium,
MEM 1 2% FCS (Life Technologies). Virus was purified
y infecting cells at 0.01 PFU/cell and incubating for
8–24 h. Radiolabeled virus was prepared by adding 10
Ci/ml of [35S]methionine (Amersham Pharmacia Bio-
ech) to the medium. Virus was purified from culture
upernatants clarified by low-speed centrifugation (3300
, 20 min, 4°C). The culture supernatants were centri-uged in a Ti45 rotor (Beckman) at 35,000 rpm for 1 h at
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306 FLOOD AND LYLES°C to pellet the virus. The virus pellet was resuspended
n 10 mM Tris, pH 8.1, and banded in 10–60% (w/w)
ucrose gradients containing 10 mM Tris, pH 8.1, by
entrifugation in an SW41 rotor (Beckman) at 35,000 rpm
or 2.5 h at 4°C. The viral band was collected with a
asteur pipette, diluted with 10 mM Tris, pH 8.1, and
elleted as before in a Ti45 rotor. The viral pellet was
esuspended in 10 mM Tris containing aprotinin (2 mg/
l) and pepstatin A (1 mg/ml) (Boehringer Mannheim).
irus was stored on ice and used in the binding assays
ithin 48 h. Influenza virus X47 and Sendai virus (Z
train) were grown in embryonated eggs and purified as
escribed in (Lyles et al., 1985). Protein concentrations
ere determined by the method of Lowry et al. (1951).
solation of subcellular fractions
BHK cells were infected with VSV at 20 PFU/cell and
ncubated for 4.5 h at 37°C in DMEM 1 2% FCS. For
he preparation of radiolabeled subcellular fractions,
nfected cells were pulse labeled with 100 mCi/ml of
35S]methionine for 30 min at 4 h postinfection. All
ubsequent steps were carried out at 4°C using pre-
hilled buffers. Cells were scraped off the dishes,
elleted (1000 g, 5 min, 4°C), and washed once with
BS-A. Approximately 2 3 107 cells were resuspended
n 10 ml of homogenization buffer (10 mM Tris, pH 8.1,
r 7.5, 10 mM NaCl, 0.25 mM MgCl2) and placed on ice
or 15 min. Cells were pelleted and resuspended in 0.5
l homogenization buffer and disrupted by 30–40
trokes with a Dounce homogenizer. Lysis was veri-
ied by microscopy. Concentrated NaCl was added
mmediately after lysis to raise the NaCl concentration
o 150 mM to prevent aggregation of M protein. Apro-
inin (2 mg/ml) and pepstatin A (1 mg/ml) were added
fter lysis. Nuclei were removed by centrifugation
2000 g, 5 min). The postnuclear supernatant was
entrifuged in a TLA-45 rotor (Beckman) at 40,000 rpm
or 1 h at 4°C. The resulting supernatant was the
ytosolic fraction. This material was placed on ice and
sed within 24 h. The pelleted material was resus-
ended in 0.5 ml homogenization buffer by Dounce
omogenization and mixed with 2.5 ml 66% (w/w) su-
rose. The sample was overlaid with 1.2 ml of 40%
w/w) sucrose and 0.8 ml of 10% (w/w) sucrose con-
aining 10 mM Tris, pH 8.1, or 7.5, 10 mM NaCl and 1
M EDTA. The sample was centrifuged in an SW50.1
otor (Beckman) at 35,000 rpm for 16 h at 4°C. Mem-
ranes were collected from the 40/10% interface with
pipette and concentrated by pelleting the diluted
embrane material in a TLA-45 rotor at 40,000 rpm for
h at 4°C. Membranes were resuspended with a
ounce homogenizer in 10 mM Tris with aprotinin and
epstatin A. The membrane material was used imme-
iately. asolation and quantitation of intracellular
ucleocapsids and nucleocapsids
tripped of M protein
BHK cells were infected at 10 PFU/cell and intracellu-
ar nucleocapsids were isolated at 5 h postinfection.
35S-radiolabeled intracellular nucleocapsids were pre-
ared from infected cells pulse labeled from 3 to 5 h
ostinfection with methionine-free DMEM to which
35S]methionine was added at 50 mCi/ml. Cells were
craped off the dishes, pelleted (1000 g, 5 min, 4°C) and
ashed twice with PBS-A. Approximately 3 3 107 cells
ere resuspended in 0.9 ml of 10 mM Tris, 10 mM NaCl,
H 8.1, followed by addition of 0.1 ml of 10% Triton X-100
n 10 mM Tris, 1 M NaCl, pH 8.1, to lyse the cells.
protinin (2 mg/ml) and pepstatin A (1 mg/ml) were
dded, and the cells were incubated on ice for 15 min.
ysis was verified by microscopy. Nuclei were removed
y centrifugation (2000 g, 5 min, 4°C). The postnuclear
upernatant (1 ml) was layered on top of a 10–60% (w/w)
ucrose gradient containing 10 mM Tris, pH 8.1, and 100
M NaCl. The lysate was centrifuged in an SW41 rotor at
5,000 rpm for 5 h at 4°C. Fractions (0.5 ml) were col-
ected by puncturing the bottom of the tube and the
ractions were analyzed by scintillation counting or SDS–
AGE and staining with Coomassie blue to identify the
ractions containing nucleocapsids. Appropriate frac-
ions were dialyzed overnight against 10 mM Tris, 10 mM
aCl, pH 8.1, and 0.1 mM dithiothreitol. Intracellular nu-
leocapsids were quantitated by comparing the amount
f N protein in each preparation to the known amount of
protein in purified VSV by SDS–PAGE followed by
oomassie blue staining and densitometry. In purified
irions, N protein is 33% of the total protein (Thomas et
l., 1985). Intracellular nucleocapsids were used within
8 h of lysing the cells. In some cases it was necessary
o concentrate the intracellular nucleocapsids. This was
one by layering the dialyzed nucleocapsids over a
ushion of 0.3 ml 90% glycerol in 10 mM Tris, 10 mM
aCl, placed at the bottom of an SW41 tube. The sample
as centrifuged at 40,000 rpm for 90 min at 4°C. The
lycerol cushion was collected and used without further
ialysis. Radiolabeled virion nucleocapsids were iso-
ated from virions labeled with 20 mCi/ml [35S]methionine.
pproximately 0.5 mg/ml of purified virions were incu-
ated on ice for 30 min with 1% Triton X-100, 0.25 M NaCl,
nd 0.2 mg/ml dithiothreitol. The sample was centrifuged
or 10 min at 1000 g at 4°C to remove large aggregates.
he supernatant was layered over a 10–66% (w/w) su-
rose gradient containing 10 mM Tris, pH 8.1, and 250
M NaCl and centrifuged in an SW50.1 rotor at 40,000
pm for 5 h at 4°C. Fractions were collected and the
ppropriate fractions were dialyzed overnight, and the
mount of N protein was quantitated as was done for
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307ASSEMBLY OF VSV NCM COMPLEXESntracellular nucleocapsids. Virion nucleocapsids were
sed within 24 h of solubilizing freshly purified virus.
inding of intracellular M protein to virion NCM
omplexes, intracellular nucleocapsids, and virion
ucleocapsids stripped of M protein.
An 35S-labeled cytosolic or membrane fraction pre-
ared from infected cells (approximately 50 mg/ml total
rotein) was mixed with purified VSV-IND, VSV-NJ, influ-
nza virus, or Sendai virus in buffer containing 10 mM
ris, pH 8.1, and 120 or 60 mM NaCl in a final volume of
20 ml. Triton X-100 (0.5% final concentration) was added
o solubilize the virus envelopes and cellular mem-
ranes. Samples were incubated at room temperature
or $5 min to allow for complete equilibration of M
rotein in NCM complexes and then were centrifuged for
5 min at 28 lb/in.2 (approx. 100,000 g) in a Beckman
irfuge. Supernatant and pellet fractions were analyzed
y SDS–PAGE in gels made with 10% acrylamide with
ither 0.27 or 0.5% bis-acrylamide to provide better res-
lution of the viral N and P proteins. The amount of
adiolabeled M protein was quantitated by phosphores-
ence imaging (Molecular Dynamics). The percentage of
adiolabeled M protein in the pellet was calculated as
he amount of M protein in the pellet divided by the sum
f M protein in the supernatant and pellet fractions.
inding of cytosolic and membrane-derived M protein to
ntracellular or stripped nucleocapsids was measured in
similar manner except that non-radiolabeled nucleo-
apsids were substituted for purified virions. Apparent
issociation constants were determined by nonlinear
east squares fit of the data to Eq. 1 in Lyles and
cKenzie (1998) (Curvefit Software, Kevin Raner Soft-
are, Australia).
edimentation of nucleocapsids in gradients
ontaining M protein
Linear sucrose gradients containing M protein
hroughout were generated from 10 and 60% w/v sucrose
olutions containing equal amounts of a soluble extract
rom virions containing M protein. Purified virions (ap-
roximately 1 mg/ml) were solubilized in 10 mM Tris, pH
.1, 0.25 M NaCl, and 0.5% Triton X-100, incubated on ice
or 30 min, and centrifuged in a Ti70.1 rotor (Beckman) at
0,000 rpm for 20 min at 4°C to pellet the viral nucleo-
apsids. The supernatant containing M protein and G
rotein was used to make 10 and 60% (w/v) sucrose
olutions by dissolving 0.6 or 3.6 g of sucrose, respec-
ively, in 3.0 ml of the supernatant from solubilized virions
nd the final volume was adjusted to 6.0 ml with 10 mM
ris buffer. The final concentrations in the gradients were
0 mM Tris, 0.25% Triton X-100, 125 mM NaCl, and 4–7
M M protein. Gradients lacking M protein were made
imilarly except that the buffer used for solubilizing viri- tns was used in place of the soluble extract. Either
ntracellular or virion nucleocapsids stripped of M pro-
ein were layered on the gradients and centrifuged in a
LS-55 rotor (Beckman) at 55,000 rpm for 30 min at 4°C.
ractions were collected from the bottom of the tube,
recipitated with 10% trichloroacetic acid, and analyzed
y SDS–PAGE. The amount of N protein in each fraction
as quantitated by phosphorescence imaging.
lotation analysis of nucleocapsids binding
o membranes
Binding of stripped nucleocapsids to membranes was
erformed essentially as described by Chong and Rose
1993). Membranes isolated from VSV or mock-infected
ells were mixed with stripped nucleocapsids in 0.2 ml of
0 mM Tris, pH 7.5, 120 mM NaCl, and incubated at 37°C
or 1 h, with intermittent mixing. The samples were
laced at the bottom of an SW50.1 tube and mixed with
.0 ml of 66% sucrose by pipetting. The samples were
verlaid with 3.0 ml of 40% and 0.8 ml of 10% (w/w)
ucrose solutions containing 10 mM Tris, pH 7.5, and 120
M NaCl. The samples were centrifuged at 35,000 rpm
or 16 h at 4°C. Fractions were collected, precipitated
ith 10% trichloroacetic acid, and analyzed by SDS–
AGE. The amount of N protein in each fraction was
uantitated by phosphorescence imaging.
egative stain electron microscopy
Intracellular or stripped nucleocapsids isolated as de-
cribed previously were stained with 2% phosphotung-
tate (PTA) on 300-mesh, Formvar/carbon-coated copper
rids (Electron Microscopy Sciences). Bacitracin at 0.2
g/ml (Sigma) was added to dialyzed nucleocapsids
approx. 0.05 mg/ml) and to PTA to facilitate spread of
ample and stain on the grid. Bacitracin and PTA were
iltered twice through 0.2-mm cellulose acetate syringe
ilters (Corning). A drop of sample was floated on a grid
or 5 min, the excess sample was blotted away with
hatman filter paper, and then the grid was then floated
n a drop of 2% PTA, pH 5.5, for 1 min. The excess stain
as blotted away and the dried grids were examined in
Phillips TEM-400 electron microscope at 80 keV.
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